The development of laser traps has made it possible to investigate single cells and record real-time Raman spectra during a heat-denaturation process when the temperature of the surrounding medium is increased. Large changes in the phenylalanine band ͑1004 cm Ϫ1 ͒ of near-infrared spectra between living and heat-treated cells were observed in yeast and Escerichia coli and Enterobacter aerogenes bacteria. This change appears to reflect the change in environment of phenylalanine as proteins within the cells unfold as a result of increasing temperatures. As a comparison, we measured Raman spectra of native and heat-denatured solutions of bovine serum albumin proteins, and a similar change in the phenylalanine band of spectra was observed. In addition, we measured Raman spectra of native and heat-treated solutions of pure phenylalanine molecules; no observable difference in vibrational spectra was observed. These findings may make it possible to study conformational changes in proteins within single cells.
I. INTRODUCTION
The development of laser traps has made it possible to investigate single cells in ways that have been previously impossible. The combination of near-infrared Raman spectroscopy makes it possible to record real-time Raman spectra from a single cell held in a laser trap as the temperature of the surrounding medium is increased. This permits studies of dynamical processes of heat denaturation within single cells via vibrational spectroscopy.
During this process, the cell proceeds from a living state to a death state. The use of heat is an effective method by which to control the growth of microbial cells, and it has been widely employed to kill or inactivate microorgamisms in biological samples. 1 Heat can be applied as moist heat or dry heat. Dry heat, such as that in hot air ovens or incinerators, denatures enzymes, dehydrates microbes and kills microbial cells by oxidation effects. Moist heat transfers heat energy to the microbial cells more efficiently and kills microbial cells by the effect of denaturing enzymes. The moist heat method includes pasteurization, boiling and autoclaving. For example, the temperature of biological samples in pasteurization is maintained at 63°C for 30 min to kill designated organisms that are pathogenic or cause spoilage. Boiling ͑100°C͒ for 10 min will kill most vegetative bacterial cells, viruses, fungi and their spores. There are two different methods for measuring heat effectiveness. The thermal death point ͑TDP͒ is the lowest temperature at which all the bacteria in a liquid culture will be killed in 10 min. Thermal death time ͑TDT͒ is the length of time required to kill all bacteria in a liquid culture at a given temperature.
The effect of moist heat on microbial cells is protein denaturation. Heat damages cellular proteins by breaking hydrogen and covalent bonds that link the adjoining portions of amino acid chains and maintain the three-dimensional shapes of functional proteins. Two important questions are, When the liquid culture is maintained at a given temperature, how does a microbial cell change its biochemical composition? And, How do cellular proteins change their structures over the evolution of time? The answers to these questions are of importance to understanding of the dynamical process of thermal death.
Changes in biochemical composition and molecular conformation in microbial cells during the thermal denaturing process can be studied by the use of Raman spectroscopy. Raman spectroscopy has been widely applied to investigate the biochemical composition, secondary structure and intermolecular interactions between proteins and nucleic acid assemblages in microorganisms. [2] [3] [4] [5] For example, resonance Raman spectra of biomolecules excited by UV laser sources provide high-quality markers for bacteria identification 3,5 and protein-nucleic acid studies. 2 However, an obvious disadvantage of UV laser excitation is the associated photodamage, which can degrade biological cells due to strong absorption. For studies of living biological cells, off-resonance Raman spectroscopy excited by near-infrared ͑NIR͒ laser sources has a great advantage in reducing potential photodemage and sample degradation, since biological samples usually have small absorption at near-infrared wavelengths. 6, 7 Cell damage can be caused by high power NIR microbeams ͑ϳ80 mW at 800 nm͒ of optical tweezers through two-photon processes. 8 Recently, optical tweezers have been combined with Raman spectroscopy to characterize single biological a͒ Author to whom correspondence should be addressed; electronic mail: liy@mail.ecu.edu cells 9, 10 and organic particles. 11, 12 Compared to the conventional method of micro-Raman spectroscopy, 13, 14 this combined technique has several distinct advantages. First, optical tweezers can hold living cells suspended in a liquid culture medium for a prolonged length of time. Without holding, the cell may move away from the excitation volume of the microbeam within the acquisition time due to Brownian motion or cell motility. Second, a better signal-to-noise ratio can be obtained since the cell is maintained at the focus of the excitation beam, which permits optimum excitation and collection of Raman scattering. In addition, stray light from the cover plate can be effectively reduced since the cell can be levitated well above the cover plate. Dynamical changes in biochemical properties of single microbial cells during the thermal denaturing process have not been directly measured yet.
In this article, we demonstrate that it is feasible to study the dynamic heat-denaturation process of single cells using the combined technique of laser tweezers and Raman spectroscopy ͑LTRS͒. In our experiments, a single cell is held in a laser trap in a liquid medium while the temperature of the medium is raised to a high temperature and maintained. A series of NIR Raman spectra of the trapped cell are then recorded at different times following the temperature increase to monitor its dynamical changes in biochemical composition and molecular conformation. It has been shown that heating is associated with the denaturing of cellular proteins, and that the denatured proteins may yield spectra markedly different from those of native proteins due to changes in the secondary and tertiary structures of proteins. [15] [16] [17] From these spectra, information on vital changes in the conformation of biomolecules within the cells can be obtained. In our experiments, Yeast, Escerichia coli and Enterobacter aerogenes bacterial cells were used as cell samples from which the spectra from both the living and heat-treated cells were measured. As a comparison, the spectra of bovine serum albumin ͑BSA͒ proteins and pure phenylalanine ͑Phe͒ molecules in native and heat-denatured states were recorded. Section II describes the experimental setup and process, and Sec. III shows experimental results and provides discussion. Section IV is the conclusion.
II. EXPERIMENT
The experimental setup of the LTRS system was described in detail previously.
9,10 A circularized beam from a low-power laser diode near 785 or 690 nm is spatially filtered and then introduced into an inverted microscope equipped with an objective ͓100ϫ, numerical aperture ͑NA͒ ϭ1.25͔ to form a single-beam optical trap. The wavelength of the diode laser is temperature stabilized to avoid drifting. A microbial cell in a liquid medium can be selectively trapped by the radiation force yielded by the focused laser beam. The same laser excites Raman scattering from the trapped cell. The backscattered light is collimated with the same objective lens and passes through a 200 m confocal pinhole aperture and rejects most of the off-focusing Rayleigh scattered light. Two interference notch filters are used to remove most of the on-focusing Rayleigh scattering light. The Raman scattering light is then focused onto the entrance slit of an imaging spectrograph equipped with a liquidnitrogen-cooled charged-coupled detector ͑CCD͒. The image of the trapped cell is observed with an illumination lamp and a video camera system. The spectral resolution of the LTRS system was estimated to be ϳ6 cm
Ϫ1
. In order to reduce the effective laser power illuminating the trapped cell, the NIR diode laser was operated in a power-switching scheme that sets a low power for trapping ͑ϳ2 mW at the sample͒ and a relatively high power ͑ϳ15 mW͒ for a short period ͑ϳ15 s for yeast cells͒ of Raman acquisition. 9 The microscope sample holder was made of a 4.0 mm thick glass slide into which a 6.0 mm diam hole is drilled and then sealed with two cover slips on both surfaces. The cell culture was put in the hole between the two cover slips. The sample holder was mounted on a homemade temperaturecontrolled microscope stage equipped with a pair of Petri thermoelectric ͑TE͒ coolers and a temperature controller ͑TEC-2000, ThorLabs Inc., Newton, NJ͒. The temperature of the sample holder can be quickly increased from room temperature to a set temperature ͑e.g., 80°C͒ within ϳ2 min and then maintained at the set temperature within accuracy of 0.2°C.
Yeast cells ͑Hubbard Scientific, Chippewa Falls, WI͒ were cultivated in a yeast solution ͑prepared at a concentration of 40 g/l͒ at room temperature for 4 -8 h. E. coli and Enterobacter aerogenes bacterial samples were prepared in a culture ͑LB͒ medium ͑5 g glucose, 1 g NH 4 H 2 PO 4 , 5 g NaCl, 0.2 g MgSO 4 and 1 g K 2 HPO 4 in 1 l water͒ and incubated by shaking at 35°C. The same medium was used as the buffer solution to dilute the cultured cell samples when performing measurements.
III. RESULTS AND DISCUSSION
A. Yeast Figure 1 depicts Raman spectra of single living yeast cells at different times following a rapid increase in medium temperature. In this experiment, a fresh yeast sample was diluted and put into the sample holder. A cell is first captured in the laser trap and then the temperature of the sample holder is quickly increased to 80°C and maintained at this temperature. During the temperature increase process, the temperature gradient in the sample chamber sometimes creates a hydrodynamic flow that degrades the trapping efficiency; however, in our experiment, the cell was held stationary by the laser beam. Following the temperature increase, Raman spectra of the captured cell was taken periodically over an acquisition time of 15 s and excitation power of 7 mW. After the measurements were accomplished for each cell, a fresh cell sample was used, and the measurements were repeated and averaged with up to 30 cells. In Fig. 1 , the curve at 0 min is the spectrum of the living cells recorded at room temperature ͑25°C͒ before the temperature increase. Table I gives a tentative assignment for the observed Raman bands. The background noise was subtracted from the original spectrum. Following the temperature change, the intensity of the characteristic Raman band at 1004 cm
Ϫ1
, I 1004 , was found to increase gradually while the intensities of the 1305, 1607 and 1660 cm Ϫ1 bands were found to decrease slightly over the evolution of time. Figure 2 shows a plot of the intensity of the 1004 cm Ϫ1 band as a function of time. It shows that the increase in the intensity of the 1004 cm Ϫ1 band experienced two phases: the first phase is a rapid logarithm increase before 10 min and the second phase is a slow increase towards the steady value ͑after 15 min͒. This behavior is very similar to that observed in the cell death curve. 1 Cell death was confirmed by staining with 1% eosin ͑red fluorophore͒ after heating for 15 min at 80°C, whereas the damaged cells showed red fluorescence.
The peak at 1004 cm Ϫ1 was assigned to the breathing vibration mode of the aromatic ring of Phe molecules, and the peaks at 1305 and 1660 cm Ϫ1 were assigned to amide III ͑deformed͒ and amide I vibrations of the peptide backbone of proteins, respectively. 3, [19] [20] [21] The significant increase in the intensity of the 1004 cm Ϫ1 band at the elevated temperature is probably related to a vital change in the environment of the Phe side chain of a yeast protein. 22 Before heat denaturation, the protein folds into an ordered structure and the Phe side chain in the yeast protein is ''buried'' or ''masked'' so that the intensity of the excited breathing vibration of Phe is very low. Upon heating, the protein unfolds since hydrogen bonds are disrupted and, therefore, the Phe side chain in the yeast protein is ''exposed.'' The exposed Phe yields a large Raman intensity at 1004 cm Ϫ1 vibration. The significance of our results shown in Figs. 1 and 2 is that it takes some time for the yeast protein to change its structure from a folded state to an unfolded state during the denaturation process. The characteristic time, which can be measured as the Raman intensity of a side chain ͑such as I 1004 ), may be used to characterize the thermal death time of individual cells.
B. E. coli and Enterobacter aerogenes bacterial cells
In order to verify the relationship between the change in Raman intensity at the 1004 cm Ϫ1 band and heat denaturation of proteins in the other microbial cells, we measured the Raman spectra of heat-treated E. coli and Enterobacter aerogenes bacterial cells. Figure 3 shows NIR Raman spectra of E. coli and Enterobacter aerogenes controlled at 25°C and heat treated at 70°C for 30 min, respectively. Table II gives tentative assignments of the observed Raman bands. The dimensions of these rod-like bacterial cells are about 2 m in length and 0.5 m in diameter. When a bacterium was trapped in the laser beam, the entire bacterial cell was located inside the focused laser beam. The background noise was subtracted from a single spectrum, and the spectrum was averaged using 30 individual cells. Among the other changes ͑e.g., Raman intensities at 784 and 813 cm Ϫ1 decrease͒ in the spectra of the heat-treated bacteria, the intensity of the 1004 cm Ϫ1 band was also found to increase somewhat, like in the case of heat-treated yeast cells. Again, the increase in the 1004 cm Ϫ1 band is related to the ''exposed'' environment of 
C. BSA proteins and Phe molecules
For better understanding of the spectra of heat-treated cells, we measured the Raman spectra of a heat-treated pure protein and a Phe solution for comparison. BSA is a typical protein that has been extensively used in protein studies. 15, 19, 20 Figure 4͑a͒ depicts the Raman spectra of a native BSA solution and a heat-treated BSA solution ͑placed in boiling water for 10 min͒. The concentration of BSA solution was 39 mg/50 l. Table III gives the tentative assignation. The Raman spectra between the native and heattreated BSA solutions are very different in several regions. First, the intensity at the 1658 cm Ϫ1 band ͑assigned to amide I͒ decreases obviously in heat-treated BSA proteins. It is known that the amide I band at 1658 cm Ϫ1 is sensitive to the ␣-helical conformation in the secondary structure. Upon heating, the ␣-helical conformation will become degraded. Second, the ratio between the peak intensities of the 1004 and 946 cm Another concern is whether the Phe molecule changes its structure or binding condition when the Phe solution is treated at a high temperature. Figure 4͑b͒ shows Raman spectra of a pure native Phe solution and a heat-treated solution ͑100°C for 10 min͒, recorded over an acquisition time of 60 s and excitation power of 15 mW at 785 nm. This result shows no observable difference in the spectra between the native and heat-treated Phe solutions. This indicates that the structure of the Phe molecule is very stable and is not sensitive to changes in temperature. This also confirms that the observed intensity of the 1004 cm Ϫ1 band in heat-treated microbial cells is sensitive to the secondary and tertiary structures of proteins, as well as to the microscopic environment of the Phe side chain in the cellular protein.
IV. CONCLUSIONS
We have observed real-time changes in biochemical properties of single living cells when the temperature of the culture medium is quickly increased. We demonstrated that the use of laser tweezers and NIR Raman spectroscopy is feasible in the study of dynamical cellular processes. During the heat-denaturing process, the Raman intensity of the Phe vibration was found to be a function of time. We know of no other observation of a dynamic denaturation process within single trapped cells via vibrational spectroscopy. A large difference in the Phe band ͑1004 cm Ϫ1 ͒ in NIR Raman spectra between the living and heat-treated cells was observed in yeast and E. coli and Enterobacter aerogenes bacterial cells, and this change is attributed to heat denaturion of proteins within the cells. Measurements of Raman spectra of heattreated BSA proteins and a pure Phe solution were compared. Further refinements of this method, coupled with identification of the proteins, make it possible to study conformational changes in the proteins of single cells. 
